Lack of essential amino acids (EAA) in the diet of at-risk populations could beget a state of food insecurity. Plant proteins are deficient in some essential amino acids. Animals obtain EAA from plant sources. Simple biotechnologies are being developed for improving the EAA composition of crop proteins. The aim was to integrate-discriminate glycolysis and citric-glyoxylic acid cycles to optimize biosynthesis of EAA in food crops. Permutation of diverse metabolic pathways at the mRNA level by glutamate dehydrogenase (GDH)-synthesized RNA is a common biotechnology for doubling the nutritious compositions of plants. Peanuts were planted in plots and treated with mineral salts mixed according to stoichiometric ratios. Protein-bounded and free amino acids of mature peanut seeds were determined by HPLC. GDH-synthesized RNA probes homologous to the mRNAs encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH), phosphoglycerate mutase (PGlycM), phosphoenolpyruvate carboxylase (PEPCase), enolase, malate dehydrogenase (MDH), isocitrate lyase (ICL), and malate synthase (MS) were prepared from peanut seeds using restriction fragment double differential display PCR method. Northern assays of peanut total RNA showed that the mRNAs encoding PGlycM, PEPCase, MDH, and MS shared extensive sequence homologies that produced a dense network of cross-talks, resulting to co-differential silencing of the mRNAs thereby permuting glycolysis, citric-glyoxylic acid cycles. There were 42 permutations in the NPPKtreated, 105 in control, 420 in KN-, and NPKS-treated peanuts. Because of permutations involving the mRNAs encoding ICL and MS, wherever the abundances of these mRNAs were high (control, and NPPK-treated peanuts) the concentrations of the α-ketoglutarate group of total glutamate, glutamine, arginine, proline, and histidine were minimized (<7.0 mg/g) but the concentrations of the oxaloacetate group of total aspartate, lysine, methionine, threonine, and isoleucine were maxi-* Corresponding author.
each amino acid as enzyme-specific and different from the others [14] . Therefore, integrative amino acid biosynthesis is still in infancy. The approach adopted hereunder is integrative in molecular biology, focusing on the glycerate-3-phosphate, pyruvate, phosphoenol pyruvate, α-ketoglutarate, and oxaloacetate groups of amino acids. A chemical advantage of the integrative approach is that it is supported by the free energy changes in glycolysis and citric-glyoxylic acid cycles, the low exergonic reactions producing a buildup of the substrates for amino acid biosynthesis, whereas the large exergonic steps produce metabolic energy. Low exothermic reaction steps are essentially at equilibrium in the cell; substrate and/or product accumulation occurs slowing down the metabolic fluxes and thus creating opportunities for spin-off biosynthesis of amino acids. But no molecular studies at the mRNA level have been conducted to illuminate the integration and discrimination regulations of glycolysis, glyoxylic and citric acid cycles for optimal biosynthesis of amino acids. The reaction steps that are non-exergonic (GAPDH, PGlycM, enolase, malate dehydrogenase, PEPCase, isocitrate lyase, and malate synthase) may embody the molecular mechanisms that stabilize the biosynthesis of amino acids and proteins, the EAA nutritious quality of food crops in particular, and the doubling of crop dry matter yield in general. Nature has shown that we must not be complacent about dry matter and nutritious crop yields because climate can adversely change the terrestrial ecosystems and crop yield through depletion of soil organic matter, mineral nutrients, and water-holding capacity of soil [15] .
Integration and discrimination of diverse metabolic pathways at the mRNA level (permutation) is the biotechnological approach for doubling of crop dry matter, fatty acid, protein, and cellulosic biomass yields; for production of allergen-free low-linoleic acid, and ultra-high resveratrol peanuts [16] [17] [18] . In the approach, glutamate dehydrogenase (GDH) of the crop is induced to isomerize and to synthesize RNAs that are homologous to mRNAs encoding some regulatory enzymes [19] . Messenger RNA is silenced by GDH-synthesized RNA that is homologous to it leading to knock-out, or knock-down of respective enzyme, and to decreased metabolic reaction product of the enzyme [18] . Such mRNAs may also become co-silenced, causing differential synthesis of respective metabolic intermediates [20] . The structure of the signaling RNA molecules that permute and integrate glycolysis, citric and glyoxylic acid cycles had not been described.
Peanut was chosen for this study because it is the most popular nut-snack in the world [21] . India, China, Nigeria, and USA produce about 80% of the world crop [22] . Peanut is also ideal because its formulations are being prescribed as therapy for the nutritional management of kwashiorkor, a protein-nitrogen state of severe malnourishment that is afflicting infants and elderly mothers in some arid zones of Africa [23] . Therefore, lack of essential amino acids in the diet of at-risk populations begets a state of food insecurity [24] .
Hereunder, results show that GDH-synthesized RNAs homologous to the mRNAs encoding the enzymes that catalyze the non-exergonic reaction steps coordinately regulate the abundances of the mRNAs thereby integrating glycolysis and citric-glyoxylic acid cycles leading to reciprocal increases in the concentrations of amino acid groups in general and to maximized concentrations of the EAA compositions of peanut proteins.
Experimental Procedures
1) Treatment of peanuts with mineral ion solutions: Peanut (Arachis hypogaea L. Virginia) seeds were planted in 120 × 120 × 30 cm (width × length × depth) boxes, each filled with 3 bags of professional growing mix (Sungro Horticulture, Bellevue, Washington, USA) mixed with 2 bags of organic matter-rich top soil (Landscapers Pride, New Waverly, Texas, USA). Each box was set up on level ground in the field on a weedblocking plastic mat. About 25 seeds were planted per box. There was replanting to make up for ungerminated seeds. The applied mineral ion compositions were based on the model stoichiometric combinations [17] , and to mimick the binomial subunit polypeptide compositions of the GDH isoenzymes [16] . The first box was left as the untreated control; the second box (NPKS) was treated with 1L of combined NH 4 Cl (25 mM), Na 3 PO 4 (20 mM), Na 2 SO 4 (50mM), and KCl (4mM) solution; the third box (NPPK) was treated with 1 L of combined NH 4 Cl (25 mM), Na 3 PO 4 (40mM) and KCl (4mM)solution; the fourth box (KN) was treated with 1 L of combined NH 4 Cl (25 mM) and KCl (4mM) solution. The boxes were watered every other day. Mineral nutrient solutions were applied sequentially, first at pre-flowering stage (2 weeks after seed germination), second at flowering, and third at post-flowering. When the leaves turned yellow (peanut maturity), pods were harvested, allowed to dry on the greenhouse floor for about 2 weeks, weighed, shelled by hand, and the kernels (seeds) and shells weighed separately. Seeds were stored at −30˚C.
2) Analyses for peanut yield: Dry and milled (composited) seeds (100 g) per experimental treatment, sent to NPA Laboratories, Santa Ana, CA, USA were custom analyzed for free amino acids, protein-bounded amino acids, and total crude protein. HPLC AccQ-Tag method with modifications [25] was applied for amino acid quantitation; Kjeldahl method was applied for crude protein quantitation.
3) Purification of GDH Isoenzymes: GDH was extracted from peanut seeds (30 g ) by homogenization at 4˚C with 100 mL of buffer [26] containing 5 units per mL of each of RNase A and DNase 1 (Applied Biosystems, Foster City, CA, USA) and subjected to fractional (NH 4 ) 2 SO 4 precipitation, preparative-scale isoelectric focusing (IEF; Rotofor, Bio-Rad, Hercules, CA, USA) followed by dialysis of the fractions as described before [27] . Rotofor fractions (0.2 mL) were purified by native 7.5% polyacrylamide gel electrophoresis (PAGE; Protean II cell, Bio-Rad); at 100 V, 20 h, 4˚C to remove other proteins, and nucleic acid contaminations. GDH isoenzymes were eluted (30 min, 100 V) from the electrophoresed gel with 0.05 M solution of Tris base at subzero temperature using mini-whole gel eluter (Bio-Rad) as described before [28] .
RNA synthetic activity of GDH isoenzymes [16] was assayed in combined deamination and amination substrate solutions of 0.1 M Tris-HCl buffer (pH 8.0) containing the four NTPs (0.6 mM each), CaCl 2 (3.5 mM), L-glu (3.23 µM), NAD + (0.375µM), NH 4 Cl (0.875 mM), α-ketoglutarate (10.0 mM), NADH (0.225 mM), 5 Units RNase inhibitor, 1 Unit DNase 1, and 5 µg of actinomycin D. Reaction was started by adding 0.2 mL of whole gel-eluted GDH charge isomers containing 4 -9 µg protein per mL. Final volume of the reaction was brought to 0.4 mL with 0.1M Tris-HCl buffer pH 8.0. Reactions were incubated at 16˚C overnight and stopped by phenol-chloroform (pH 5.5) extraction of the enzyme. RNA was precipitated with ethanol, and dissolved in minimum volume of molecular biology quality water. RNA yield and quality were determined by photometry and by agarose gel electrophoresis. Assays were carried out in duplicate to verify the reproducibility of the results.
4) cDNA synthesis, cloning, characterization, and probe selection: cDNAs were synthesized with 2 µg of each product RNA synthesized by the whole gel-eluted GDH charge isomers using random hexamer primer. Restriction fragment PCR amplification; adapter ligation; sequencing gel fractionation; and purification of cDNA fragments [16] were conducted according to the methods of Display Systems Biotech, Vista, CA, USA except that 15 µL instead of 3 µL of the amplified reaction solution was loaded into the sequencing gel. All the 64 Display Probes were applied for the restriction fragment PCR amplifications. Selected cDNA fragments from the sequencing gel were subcloned into pCR4-TOPO vector and transformed into TOP10 One Shot Chemically Competent Escherichia coli (Invitrogen, Carlsbad, CA), followed by overnight growth on selective plates. Up to ten positive transformant colonies were picked per plate and cultured overnight in LB medium containing 50 µg/mL of kanamycin. Plasmid DNA was purified with a plasmid kit (Novagen, Madison, WI). The insert cDNA was sequenced with T3 and T7 primers by Functional Biosciences, Inc. (Madison, WI, USA). To identify the GDH-synthesized RNAs that were homologous to mRNAs encoding the enzymes of glycolysis, citric-glyoxylic acid cycle, the cDNA sequences were used as queries to search the NCBI nucleotide-nucleotide (excluding ESTs) BLAST (blastn), and non-redundant protein translation (blastx) databases. cDNAs that displayed the highest alignment scores with mRNAs encoding the enzymes were selected as the probes. 5) Total RNA: Total RNA was extracted from peanut seeds harvested from the control or mineral-treated boxes using the acidic phenol/chloroform (pH 4.5) method [29] .
6) Northern blot analysis: Equal amounts (20 µg) of RNAs synthesized by GDH charge isomers from the control and mineral nutrients-treated peanuts were loaded, briefly electrophoresed on 2% agarose gels, stained with ethidium bromide, and photographed to verify RNA quality. RNA was electro-transferred from the electrophoresed gel onto Brightstar-Plus nylon membrane (Applied Biosystems, Foster City, CA, USA) as described before [30] . To verify completeness of the electro-transfer of total RNA, the transfer was continued on to a second Brightstar-Plus nylon membrane.
The cDNAs that were used as Northern probes were those homologous to mRNAs encoding GAPDH, PGlycM, isocitrate lyase (ICL), PEPCase, enolase, malate synthase (MS), and malate dehydrogenase (MDH). For the labeling of the cDNA probes, cDNA inserts were amplified by PCR from the corresponding plasmids (15ng) using M13 forward and M13 reverse primers (2 µM each), [ 32 P]-dATP (6000 Ci/mmol, 20 mCi/mL), dCTP/dGTP/TTP mix 50 mM, (2µL), and Taq polymerase (1U), in a final volume of 50 µL. Amplification was according to Display Systems Biotech (Vista, CA, USA) "touch-down" PCR procedure (denature: 94˚C, 1 min for the first 10 cycles: 94˚C, 30 sec; anneal: 60˚C, 30 sec for the first cycle, then reduced the temperature 0.5˚C each cycle until an annealing temperature of 55˚C was reached after 10 cycles; extension: 72˚C, 1 min.; continued another 25 cycles with 94˚C, 30 sec; 55˚C, 30 sec; 72˚C, 1 min; final extension 72˚C, 5 min). Unincorporated nucleotides were removed from the labeled cDNA inserts by chromatography through short column of sephadex G50.The first and corresponding continuation nylon membranes with immobilized RNA were prehybri-dized with ULTRAhyb buffer and hybridized with 32 P-labeled cDNA inserts as probes overnight at 68˚C as described before [19] . Solutions of labeled cDNA were first heated in boiling water bath for 10 min before adding to the prehybridized membrane. After hybridization, the membranes were washed (30 min, 68˚C) with NorthernMax (Applied Biosystems, Foster City, CA, USA) low stringency wash solution followed by several NorthernMax high stringency washes (30 min, 68˚C) until all loosely bound probes were removed. The damp membrane was autoradiographed by exposure to X-ray film within intensifying screens at −80˚C. Northern band intensities were digitalized using UN-SCAN-IT gel digitalizing software (Silk Scientific, Inc., Orem, Utah, USA). The digital band intensities for mRNA(s) encoding each enzyme were rated on a scale of 0% (lowest band intensity, fully silenced) to 100% (highest band intensity, not silenced). Northern blots were repeated at least three times for each mRNA encoding the non-exergonic enzymes.
Results and Discussion

Demonstration of Silencing of mRNAs Encoding the Non-Exergonic Enzymes
The mineral nutrient-wide RNA populations synthesized by peanut GDH were exhaustively searched for sequences that were homologous to the mRNAs encoding the enzymes of glycolysis, citric and glyoxylic acid circles. Only one single homologous RNA copy was identified per mRNA encoding ICL, MS, MDH, enolase, PEPCase, PGlycM, and GAPDH. The probes were the cDNAs of the GDH-synthesized RNAs ( Table 1 ). The seven enzymes are those that catalyze the non-exergonic reaction steps and give rise to the biosynthesis of amino acids via respective intermediates of glycolysis, citric and glyoxylic acid cycles.
The Northern blots were important for determining the threshold quantities of the mRNA in total RNA that were homologous to the Northern probes, and for detecting the homologous mRNAs. Over-load by up to 25 µg total RNA per agarose gel well (Figure 1 and Figure 2 ) was required in order to Northern blot detect those low Figure 1 and Figure 2 ) demonstrated galaxies of co-silencing and differential silencing of mRNAs by GDH-synthesized RNAs as seen before [16] [17] [19] . The several high stringency Northern Max washes of Northern membranes confirmed that the base-pair binding of the cDNA probe to its targets in mRNA was tenacious, and also showed that hybridization reaction was very specific. The continuation trans-blotted nylon membrane gave very faint to no Northern bands thus confirming that transfer of mRNA to the first membrane was complete. The compactness of the rRNA bands on the ethidium bromide-stained agarose gels ( Figure 1 and Figure 2 ) showed that the total RNA preparations applied for Northern hybridization were not degraded. The replicate Northern blots per mRNA encoding a non-exergonic enzyme gave identical band patterns thus confirming the hybridization was a specific and reproducible reaction. 1) Phosphoenolpyruvate carboxylase: The Northern band population (Figure 1(b) ) obtained using the cDNA probe for the mRNA encoding PEPCase showed that they were about 2.7 kb molecular weight similar to that of other higher plants [31] [32] . The mRNA encoding PEPCase was silenced in KN-treated peanut, partially silenced in NPKS-treated peanut, but was not silenced in control, and NPPK-treated peanut (Figure 1(b) ). The PEPCase cDNA probe ( Table 1 ) matched three times within the mRNA encoding PEPCase, two of the matches were plus/plus sequence homologies while one was minus/plus. These complex matches of the cDNA probe to the PEPCase mRNA made for such tenacious in vitro binding that several high stringency washes of the hybridized nitrocellulose membranes (at 65˚C for 4 -5 h) were done in order to clean-out the Northern membranes ( Figure  1(b) ). The crisscross binding in vivo between the GDH-synthesized RNA and the mRNA encoding the PEPCase assured liquefaction specificity of the mRNA silencing reaction. The molecule that induced the mRNA silencing in vivo was the molecule that was applied in vitro to demonstrate the abundance of the mRNA. Therefore, the Northern population of bands (Figure 1(b) ) is the demonstration of the silencing of the mRNA encoding PEPCase. The enzyme is located in the leaf cell cytosol where it converts phosphoenol pyruvate (PEP) to oxaloacetate. GDH is present in the cytosol, chloroplast, and mitochondria [20] so making it possible for it to perform its metabolic integration functions. PEPCase recycles CO 2 released during photorespiration thus minimizing carbon losses and enhancing carbon economy in higher plants [32] . PEP is the starting intermediate for the biosynthesis of try, phe, and tyr. In addition, pyruvate kinase could convert it to pyruvate which is the starting intermediate for the biosynthesis of val, leu, and ala. Oxaloacetate is the starting intermediate for the biosynthesis of ile, thr, asp, lys, and met. Because the relative concentrations of PEP and oxaloacetate depend on PEPCase activity, the abundance of the mRNA encoding the enzyme (Figure 1(b) ) is important in the molecular integration of amino acid biosynthesis.
2) Isocitrate lyase: The Northern band population obtained using the cDNA probe for the mRNA encoding ICL were similar to those for PEPCase (Figure 1(b) ) the difference being that their molecular weight was about 2.0 kb like the mRNAs encoding the ICL of other higher plants [33] [34] [35] . The mRNA encoding ICL was silenced in KN-treated peanut, partially silenced in NPKS-treated peanut, but was not silenced in control, and NPPK-treated peanuts (Figure 1(b) ). The cDNA probe for ICL ( Table 1 ) matched five times within the mRNA encoding the enzyme, three of which were plus/plus sequence homologies while two were minus/plus. These complex matches of the cDNA probe to the mRNA made for such tenacious in vitro binding that several high stringency washes of the nitrocellulose membranes (65˚C for 3 -5 h) were done in order to clean-out loosely-bound probe molecules from the membranes. The crisscross binding in vivo between the GDH-synthesized RNA and the mRNA encoding the ICL assured liquefaction specificity of the mRNA silencing reaction. Isocitrate lyase is present in glyoxysomes and peroxisomes where it functions with chloroplasts and mitochondria [35] to initiate the glyoxylate cycle by catalyzing the cleavage of isocitrate to succinate and glyoxylate. GDH, by being present in mitochondria, chloroplast, and cytosol [20] is strategically located to regulate the abundance of the mRNA encoding ICL. Alpha-ketoglutarate, the intermediate which gives rise to pro, arg, his, glu, and gln is derived from isocitrate. Because the concentration of isocitrate is dependent on the activity of ICL, the abundance of the mRNA encoding the enzyme (Figure 1(b) ) is important in the molecular integration of amino acid biosynthesis.
3) Malate synthase: The Northern band population (Figure 1(d) ) obtained using the cDNA probe for the mRNA encoding MS showed that they were about 1.9 kb molecular weight similar to that of other higher plants [36] [37] . The mRNA encoding MS was silenced in the KN-treated peanut, partially silenced in the NPKS and NPPK-treated peanuts, but was not silenced in the control peanut (Figure 1(d) ). The MS cDNA probe ( Table 1) matched two times within the mRNA encoding the enzyme, the first match was plus/minus sequence homology while the other match was plus/plus. These complex matches of the cDNA probe to the MS mRNA made for tenacious in vitro binding that demanded several high stringency washes of the nitrocellulose membranes (65˚C for 3 -5 h) in order to clean-out the Northern membranes (Figure 1(d) ). The crisscross binding in vivo between the GDH-synthesized RNA and the mRNA encoding the enzyme assured liquefaction specificity of the mRNA silencing reaction. The analytical advantage is that the molecule that induced the mRNA silencing was the molecule that was experimentally applied to demonstrate the abundance of the mRNA. Therefore, the Northern population of bands (Figure 1(d) ) is the demonstration of the silencing of the mRNA encoding the enzyme. Malate synthase and isocitrate lyase participate in the reactions of the glyoxylate cycle which is responsible for the net conversion of two molecules of acetyl coenzyme A into succinate thereby bypassing the decarboxylation steps of the citric acid cycle. Malate synthase and isocitrate lyase are coordinately expressed and are active in germinating oil seeds just as they are in harvested seeds [34] thus confirming their regulation of isocitrate concentration in seeds.
4) Malate dehydrogenase: The Northern band population (Figure 1(f) ) obtained using the cDNA probe for the mRNA encoding MDH showed that they were about 2.3 kb molecular weight similar to that of other higher plants [38] [39] . The mRNA encoding MDH was silenced in KN and NPKS-treated peanuts but was not silenced in control and NPPK-treated peanuts (Figure 1(f) ). The MDH cDNA probe ( Table 1 ) matched three times within the mRNA encoding the enzyme, the first match was plus/minus sequence homology, the second one was minus/plus, and the third was plus/plus. These complex matches of the cDNA probe to the MDH mRNA made for such tenacious in vitro binding in Northern hybridization that several high stringency washes of the nitrocellulose membranes (65˚C for 4 -5 h) were done in order to clean-out the Northern membranes (Figure 1(f) ). The practical advantage of the research procedure is that the molecule that induced the mRNA silencing was the molecule that was experimentally applied to demonstrate the abundance of the mRNA. Therefore, the differential Northern population of bands (Figure 1(f) ) is the demonstration of the co-silencing of the mRNA encoding the enzyme. NADP-dependent malatedehydrogenase is present in the cytosol and mitochondria where it catalyzes the NADP + -dependent conversion of oxaloacetate to malate. Oxaloacetate in mitochondria is the carbon skeleton for the synthesis of many essential amino acids including lysine, methionine, threonine, isoleucine; and the non-essential amino acids aspartic acid and asparagine. 5) Enolase: The Northern band population obtained using the cDNA probe for the mRNA encoding enolase were similar to those for PEPCase (Figure 1(b) ) the difference being that their molecular weight was about 1.8 kb like the mRNAs encoding the enolase of other higher plants [40] [41] . The mRNA encoding the enzyme was not silenced in all the experimental peanut. The GDH-synthesized RNA that was homologous to the mRNA encoding for enolase (Table 1 ) had a plus/minus match with the mRNA. Enolase catalyzes the non-exergonic conversion of glycerate-2-phosphate to phosphoenolpyruvate, the only dehydration step in glycolysis.
6) NADP-dependent glyceraldehyde-3-phosphate dehydrogenase: The Northern band population obtained using the cDNA probe for the mRNA encoding GAPDH showed there was a family of three molecular weight bands of about 1.5 kb (Figure 2(a) ) suggestive of the existence of isoforms of the enzyme [42] [43] . The mRNAs encoding the enzyme were silenced in control, and KN-treated peanuts, partially silenced in NPKS-treated peanut, but not silenced in NPPK-treated peanut. The GDH-synthesized RNA that was homologous to the mRNAs encoding GAPDH (Table 1 ) had a plus/plus match with the family of mRNAs. The differential abundance of the mRNAs displayed in the Northern blot (Figure 2(a) ) represented in real time the mRNA silencing activity of the GDH-synthesized RNA because the Northern probe was the cDNA of the homologous RNA synthesized by GDH. In photosynthesis, NADP-GAPDH is at the intersection between glycolysis and Calvin Cycle because it slows down the rate of glycolysis leading to a pool of glyceraldehyde-3-phosphate, which is available to the Calvin Cycle for the assimilation of gaseous CO 2 into carbohydrate synthesis.
7) Phosphoglycerate mutase: The Northern band population (Figure 2(b) ) obtained using the cDNA probe for the mRNA encoding co-factor independent PGlycM showed that they were about 1.8 kb molecular weight similar to that of other higher plants [44] [45] . The mRNA encoding the enzyme was silenced in control peanut, incompletely silenced in KN and NPKS-treated peanuts, but not silenced in NPPK-treated peanut. The phosphoglycerate mutase cDNA probe ( Table 1 ) matched one time (plus/minus) within the mRNA encoding the enzyme. Similar to the other Northern blots made with GDH-synthesized RNAs, the blot for the mRNA encoding PGlycM (Figure  2(b) ) demonstrated visually the co-silencing activity of the homologous GDH-synthesized RNA. The single Northern band per experimental peanut (Figure 2(b) ) suggested the monomeric structure of the enzyme similar to that of maize [44] . Glycerate-3-phosphate is the starting intermediate for the biosynthesis of cys, ser, and gly. Because the concentration of glycerate-3-phosphate is dependent on PGlycM activity, the abundance of the mRNA (Figure 2(b) ) encoding the enzyme is important in the molecular integration of amino acid biosynthesis.
Integration and Discrimination of Glycolysis, Citric and Glyoxylic Acid Cycles
There is a complex network of sequence homologies between the mRNAs encoding the enzymes that catalyze the non-exergonic reactions of glycolysis, citric and glyoxylic acid cycles. The Northern bands were the results of the integration-discrimination silencing reactions of the mRNAs. The mRNA sequence similarities were demonstrated by the differences and similarities in the Northern band patterns (Figure 1 and Figure 2 ) and as revealed by the nucleotide sequences of the GDH-synthesized RNA probes. Multiple sequence repeats are the exclusive structural characteristic of the GDH-synthesized RNA because of the binomial arrangement of the subunit polypeptides inside the GDH hexamers [46] . The sequence repeats are responsible for the unusually high binding specificity of the GDH-synthesized RNA for their homologous mRNA targets. GDH-synthesized RNAs silence the mRNAs that are homologous to them [19] .
GDH-synthesized RNA probe 53M ( Table 1 ) that shared sequence homology with the mRNA encoding PEPCase (glycolysis) also sheared plus/plus sequence homology with the GDH-synthesized RNA probe 96K homologous to the mRNA encoding MS (glyoxylate cycle); five folds plus/minus sequence homologies with the GDH-synthesized RNA probe 15F homologous to the mRNA encoding MDH (citric acid cycle);plus/plus sequence homology with the GDH-synthesized RNA probe 10E homologous to the mRNA encoding PGlycM (glycolysis);and plus/plus sequence homology with the GDH-synthesized RNA probe 15D homologous to the mRNA encoding ICL (glyoxylate cycle).Therefore a single RNA sequence synthesized by GDH tenaciously linked glycolysis, citric and glyoxylic acid cycles at the mRNA level. Some of the cross talks coordinated by the signal molecules (probes) 53M, 96K, 15F, 10E, and 15D are graphically depicted (Figure 3) . The sequential metabolic permutations revolving around the mRNA encoding PEPCase may be due to the importance of the enzyme in controlling carbon fluxes through glycolysis, gluconeogenesis, and citric acid cycle [41] . This meant that within the metabolic order, the five mRNAs could not be knocked out simultaneously under any applied mineral ion regimen. The five mRNAs were co-silenced in glycolysis, glyoxylic and citric acid cycles of KNtreated peanut, but differentially silenced in NPKS-treated peanut (Figure 1 and Figure 2) .
GDH-synthesized RNA probe 15D that shared sequence homology with the mRNA encoding ICL sheared plus/plus sequence homology with the GDH-synthesized RNA probe 96K homologous to the mRNA encoding MS (glyoxylic acid cycle).Therefore, the abundances of the mRNAs encoding the enzymes are jointly regulated thus further confirming the co-regulation of the expression of the two enzymes [34] . GDH-synthesized RNA probe 15D that shared sequence homology with the mRNA encoding ICL(glyoxylate cycle) also sheared three folds plus/plus sequence homology with the GDH-synthesized RNA probe 10E homologous to the mRNA encoding PGlycM; and plus/minus sequence homology with the GDH-synthesized RNA probe 60F homologous to the mRNA encoding enolase. This is a reciprocal regulation of the mRNAs which are homologous to the same GDH-synthesized RNA so that at least one in the group of mRNAs could not be knocked out with the other three. Some of the cross talks coordinated by the signal molecules (probes) 15D, 96K, 10E, and 60F are graphically depicted (Figure 3) . This made for maximum efficient utilization of glycolytic, glyoxylic and citric acid cycle intermediates for the α-ketoglutarate, and oxaloacetate groups of amino acid biosynthesis. The mRNAs encoding the four enzymes were differentially-silenced in the glycolysis and glyoxylate cycle of KN, NPKS-treated, and control peanuts, but were not silenced in the NPPK-treated peanut (Figure 1 and Figure 2 ).
Reciprocal regulation of glycolysis, glyoxylic and citric acid cycles was further enforced by the GDH-synthesized RNA probe that is homologous to the mRNA encoding MDH. The RNA probe 15F that shared sequence homology with the mRNA encoding MDH (citric acid cycle) sheared four folds of plus/minus sequence homologies with the GDH-synthesized RNA probe 96K homologous to the mRNA encoding MS (glyoxylic acid cycle); six folds of plus/minus sequence homologies with the GDH-synthesized RNA probe 15D homologous to the mRNA encoding ICL (glyoxylate cycle), one plus/plus sequence homology and six folds of plus/minus sequence homologies with the GDH-synthesized RNA probe 10E homologous to the mRNA encoding PGlycM (glycolysis), and four folds of plus/plus sequence homologies with the GDH-synthesized RNA probe 60F homologous to the mRNA encoding enolase. These sequential reciprocal cross talks meant that at least one of the mRNAs could not suffer demise with the others. This again ensured efficient utilization of metabolic intermediates for the biosynthesis of the oxaloacetate group containing four EAAs. Some of the cross talks coordinated by the signal molecule 15F that is homologous to the mRNA encoding MDH in cooperation with probes 96K, 15D, 10E, and 60Fare graphically depicted (Figure 3) to highlight the central importance of MDH, an enzyme catalyzing a non-exergonic reaction, in the big picture integration and discrimination of glycolysis, glyoxylic and citric acid cycles. This spider web-like coordination by the GDH-synthesized RNAs (Figure 3) that are homologous to the mRNAs encoding MDH, MS, ICL, PGlycM, and enolase provided an all-round protection so that all five of them could not suffer demise under any applied mineral ion regimen. This is the molecular explanation of location-induced variability of the amino acid compositions of peanut [47] . The mRNAs encoding the five enzymes were diffe-rentially silenced in all the experimental peanuts (Figure 1 and Figure 2) .
GDH-synthesized RNA probe 96K that shared sequence homology with the mRNA encoding MS (glyoxylate cycle) also sheared plus/plus sequence homology with the GDH-synthesized RNA probe 10E homologous to the mRNA encoding PGlycM (glycolysis). GDH-synthesized RNA probe 56N that shared sequence homology with the mRNA encoding GAPDH (glycolysis) also sheared plus/plus sequence homology with the GDH-synthesized RNA probe 60F homologous to the mRNA encoding enolase (glycolysis). The mRNAs encoding the two enzymes were coordinately silenced in the KN, and NPKS-treated peanuts (Figure 1 and Figure 2) . GDH-synthesized RNA probe 10E that shared sequence homology with the mRNA encoding PGlycM (glycolysis) also sheared plus/minus sequence homology with the GDH-synthesized RNA probe 60F homologous to the mRNA encoding enolase (glycolysis). Based on the large numbers of sequence homologies between the mRNA encoding MDH and the mRNAs encoding PGlycM, enolase, PEPCase, ICL, and MS, the big picture over-view (Figure 3) shows the operation of a biochemical spoke and hub network mechanism with MDH as the hub for integrating the biosynthesis of amino acid groups. The spoke and hub network of homologous sequences was also made visible by the anti-parallel alignment between glycolysis and citric-glyoxylic acid cycles.
The cob web-like cross connections between glycolysis, glyoxylic and citric acid metabolic pathways at the mRNA level (Figure 3) introduce the concept of probability or likelihood for metabolites to flow in one or alternative directions in peanuts treated with mineral ions.
Spatial Permutation of Glycolysis, Glyoxylic and Citric Acid Cycles
GDH-synthesized RNAs are statistical in nature, their primary structure being dependent on the binomial subunit compositions of the GDH isoenzymes [17] [46] . Therefore several probabilities arise under a prevailing mineral nutrient combination/concentration for the GDH-synthesized RNA to reprogram the mRNA abundances in glycolysis, citric and glyoxylic acid cycles and consequently, the rates of biosynthesis of amino acids and proteins. The rearrangement of the sequence of metabolism in response to the prevailing mineral ions in order to optimize amino acid biosynthesis can best be approached by permuting the three pathways guided by the "musical chairs game play": enzyme systems that were not silenced, partially silenced, and fully silenced ( Table 2) by GDH-synthesized RNAs per mineral ion environment, and limited to the seven non-exergonic reaction steps in the three metabolic pathways (chairs) affected. Digital (UN-SCAN-IT) quantitation of the Northern bands (Figure 1 and Figure 2) showed that whereas some mRNAs were fully silenced (knocked out), the majority were partially silenced (knocked down) to varying extents ranging from 25%, 50%, and 75% as depicted in Table 2. The number of permutations varied widely: control peanut produced 105; KN-treated peanut produced 420; NPPK-treated peanut produced 42; NPKS-treated peanut produced 420 permutations. This means for example that there are 42 probable alternative metabolic and amino acid yield responses of peanut to applied NPPK mineral nutrient combination. Therefore, there were many probable rearrangements of peanut glycolysis, citric and glyoxylic acid cycles in response to any mineral nutrient regimen. The living outcomes of the sequential and spatial integration and discrimination permutations at the mRNA level are depicted by the Northern blot images (Figure 1 and Figure 2) . This explains the lack of agreement about the peanut amino acid composition responses to environmental factors, growing seasons, and planting date [48] . Table 2 . Integration and discrimination of glycolysis, citric-glyoxylic acid cycles at the mRNA level by GDH-synthesized RNA in response to stoichiometric mineral ion treatment of peanut. 
Molecular Regulation of Total and Protein-Bounded Amino Acid Compositions
Because of the coordinate and differential silencing of the mRNAs encoding ICL and MS, wherever the abundances (Figure 1(b) and Figure 1(d) ) of these mRNAs were high (control, and NPPK-treated peanuts) the concentrations of the α-ketoglutarate group of amino acids (glu, gln, arg, pro, his) were very low but the concentrations of the oxaloacetate group of amino acids (asp, lys, met, thr, ile) were very high and maximized (Table 3) . Furthermore, wherever the abundances of the two mRNAs encoding these enzymes were very low (KN-treated peanut) the concentrations of the α-ketoglutarate group of amino acids were about equal to the concentrations of the oxaloacetate group of amino acids ( Table 3) . Conversely, wherever the abundances of the mRNAs encoding Table 3 . Free amino acids and protein-bounded essential amino acids of peanut seeds of control, and mineral salts-treated peanuts.
Amino Acid Groups
Total Amino Acids (free plus protein-bounded amino acids) (mg/g peanut) Protein-bounded essential amino acids (mg/g peanut) Notes: a Treatments NPKS was 1 L of combined NH4Cl (25 mM), Na3PO4 (20 mM), Na2SO4 (50 mM), and KCl (4 mM) solution; NPPK was 1 L of combined NH4Cl (25 mM), Na3PO4 (40 mM) and KCl (4 mM) solution; KN was 1L of combined NH4Cl (25 mM) and KCl (4 mM) solution.
these enzymes decreased to about 50% (NPKS-treated peanut) the concentrations of the α-ketoglutarate group of amino acids were very high and maximized but the concentrations of the oxaloacetate group of amino acids were low (Table 3) . Therefore, in the integration of citric and glyoxylic acid cycles by GDH-synthesized RNA, some of the cross-talks between the mRNAs encoding ICL and MS were overridden. Coordinate regulation of the expression of the two mRNAs had been described [34] but co-silencing was not described.
The abundance of the mRNA (Figure 1(f) ) encoding MDH further consolidated the biosynthesis of the oxaloacetate group of amino acids because in control and NPPK-treated peanuts with high abundances of the mRNA encoding MDH, the oxaloacetate group of amino acids were up to 70% higher in concentration than in the KN and NPKS-treated peanuts with severely diminished abundances of the mRNA encoding MDH.
Therefore permutation of citric and glyoxylic acid cycles at the mRNA level reciprocally regulated the biosynthesis of the α-ketoglutarate and oxaloacetate groups of amino acids. Molecular regulation of amino acid biosynthesis in plants had been limited to studies on enzyme activities [4] .
The concentrations of the glycerate-3-phosphate group of amino acids were dependent on the permutation of the mRNAs encoding GAPDH (Figure 2(a) ), PGlycM (Figure 2(b) ), enolase, and ICL (Figure 1(a) ) thus involving the integration and discrimination of glycolysis, citric and glyoxylic acid cycles by the GDH-synthesized RNAs. Therefore, the biosynthesis of the glycerate-3-phosphate group of amino acids competed with the biosynthesis of all the other amino acids; the competition resulted to the very low concentrations of cysteine, serine, and glycine irrespective of the mineral ion treatment of the peanut ( Table 2) . Analyses of total amino acid contents of 16 varieties of peanuts showed that ser, gly, and cys together were the lowest in concentration [49] .
The permutation of the mRNAs encoding PEPCase (Figure 1(b) ) and MDH (Figure 1(f) , and Figure 3 ) reciprocally regulated the concentrations of the PEP and pyruvate groups of amino acids ( Table 3) . When the abundances of the two mRNAs were very high (NPPK-treated peanut), the pyruvate group of amino acids was very high in concentration but the PEP group was very low. Conversely, when the abundance of the mRNA encoding PEPCase was very high (NPKS-treated peanut) but the mRNA encoding MDH was very low (Figure  1(f) ) the concentration of the pyruvate group of amino acids was low and the concentration of the PEP group of amino acids was high and maximized (Table 3) . Therefore, the concentrations of amino acid groups are dependent on the abundance of more than a single mRNA. These are new insights into the integration and discrimination regulation of glycolysis, citric and glyoxylic acid cycles at the mRNA level by GDH-synthesized RNA with reference to amino acid biosynthesis.
KN-treated peanut displayed the lowest abundances of the mRNAs encoding the seven non-exergonic enzymes in glycolysis, citric and glyoxylic acid cycles (Figure 1 and Figure 2) . This explains the lowest content of total amino acids (free plus protein-bounded) of the KN-treated peanut ( Table 3) . This is further support that many mRNAs undergo statistical integration and discrimination by GDH-synthesized RNAs in the biosynthesis of groups of amino acids.
Molecular Regulation of Essential Amino Acid Biosynthesis
The richest concentration of EAAs is the oxaloacetate group. Therefore, the treatments that induced high abundances of the mRNAs encoding ICL and MS (glyoxylate cycle enzymes) and of MDH should produce the highest yield of the protein-bounded EAAs. Accordingly, the highest concentrations of protein-bounded amino acids were synthesized by the NPPK-treated peanut ( Table 3 ). The integration of high abundances of the mRNAs encoding ICL, MS, and MDH by GDH-synthesized RNAs induced the highest biosynthesis of the EAAs in peanuts. Up to 50% of the EAAs synthesized by the NPPK-treated peanut was protein-bounded, whereas only about 25% was protein-bounded in control peanut. Therefore, the non-exergonic reaction steps in glycolysis and citricglyoxylic acid cycle constitute the biochemical mechanisms that improve the nutritious EAA quality of plant proteins. This is a new and simple plant sciences-based biotechnology compared with earlier ones [2] [17] because it doubles the biosynthesis of EAAs at the whole plant level. An advantage of this biotechnology is that it could be limited resource-farmer friendly, empowering family-owned gardens to produce EAA nutritious food crops. Essential amino acid-rich food crops project naturally dove-tails to agricultural extension research activities for the benefits of those communities that are disabled by protein-nitrogen undernutrition [21] [22] [23] .
The biosynthesis of the EAAs lys, thr, met, and ile in higher plants had been described as being regulated by end-product feedback inhibition of branch-point enzymes [11] . Research approaches that increased the free EAA compositions of food crops resulted to leaching losses of the amino acids during cooking and other pro-G. O. Osuji et al. 3104 cessing [11] [50] . An advantage of the spoke and hub mechanism (Figure 3) involving the molecular integration of glycolysis and citric-glyoxylic acid cycles so as to optimize the EAAs is that the amino acids are efficiently incorporated into proteins. Therefore, although glycolysis and citric acid cycle were the earliest metabolic pathways studied, they still remain relevant to nutritional issues faced in modern biology. Plants provide the bulk of the proteins in food and feed. But plant proteins vary greatly in their balance of EAAs which cannot be synthesized in the human body, deficiencies of which often leading to protein undernutrition [3] [51] . Since peanut formulations are being prescribed as nutritional therapies and supplements for the management of kwashiorkor by medical doctors [23] and humanitarian agencies operating in several hunger-ravaged zones of Africa, the EAA-rich peanuts could help to restore improved health faster.
The Biotechnology
Mineral salts mixed in stoichiometric ratio was the biotechnology that unleashed the spoke and hub responses on the glycolytic, citric-glyoxylic acid cycles (Figure 3) via the RNA synthetic activity of GDH. The applied mineral ion compositions were based on the model molar combinations [17] [26] that activate peanut biomass metabolism.Because chemical reactants, including mineral nutrient ions and their target sites, interact according to stoichiometric ratios, it is biochemically beneficial to plants that fertilizer nutrients be applied in stoichiometric ratios rather than in weight ratios when determining the responses of metabolism to mineral ion concentrations. It has been repeatedly demonstrated that stoichiometric mineral nutrient mixes doubled the dry matter yields of crop plants [16] [17] . Crop yield doubling biotechnology [16] [17] [18] [19] [20] is a process for increasing food production and improving its nutritious quality without compromising environmental safety [24] . The stoichiometric mineral salt mixes via the crop yield doubling biotechnology doubled the nutritious EAA ( Table 3 ) and crude protein contents as well as the seed yields ( Table 4) . Seed yield was doubled with respect to the NPPK-treated peanut ( Table 4) but not the control untreated peanut because the NPPK-treated peanut housed the control GDH. The control untreated peanut was just the control crop experimental condition but it did not house the control GDH. This is an important reason to differentiate the control crop from the control GDH in all research projects on GDH. The control crop does not necessarily equate to the control GDH [20] . Doubling of crop yield is achieved through the integration and discrimination (permutation) of glycolytic, fatty acid, nucleotide, cellulose, and photosynthetic pathways by GDH-synthesized RNA [17] .
Although peanut metabolism is adapted to variations in the terrestrial ecosystems [18] , only narrow ranges of mineral ion concentrations can support the crop to produce nutritious constituents [16] [17] [18] . A changing global climate with attendant adverse changes in soil organic matter and mineral nutrients [15] make it mandatory that crucial relevant research should be conducted to identify the optimal conditions for crops to produce nutritious constituents as food and feed. Current agronomic production conditions for peanut [52] are similar to the control, and KN-treated peanuts (Table 3) , and they are primarily designed to achieve great yields of vegetable oil for industrial purposes, but are deficient in protein-bounded EAA. Control, and KN-treated peanuts had low crude protein contents (26.17 and 25.26 g/100 g respectively) compared with NPKS, and NPPK-treated peanuts (31.89 and 31.72 g/100 g respectively). Therefore, when the protein-bounded EAA concentration is balanced, maximized, and doubled as in the stoichiometric NPPK-treated peanut, the crude protein content is equally maximized. Conversely, when the protein-bounded EAA concentration is minimized and halved as in the control peanut, the crude protein content is similarly minimized. It is important to conduct relevant research to identify the conducive stoichiometric mineral nutrient environmental conditions for crop plants to produce optimized EAA compositions and other nutritious constituents. 
Conclusion
There is no simple biotechnology for improving the EAA composition of plant proteins. The aim was to integratediscriminate glycolysis and citric-glyoxylic acid cycle in order to optimize the biosynthesis of EAAs in food crops. Integration of diverse metabolic pathways at the mRNA level by glutamate dehydrogenase (GDH)-synthesized RNA is a common biotechnological approach for doubling the nutritious compositions of plants. Peanuts were planted in plots and treated with mineral ions mixed according to their molar ratios. Protein-bounded and free amino acids of mature peanut seeds were determined by HPLC. GDH-synthesized RNA probes homologous to the mRNAs encoding glyceraldehyde 3-phosphate dehydrogenase (GAPDH), phosphoglycerate mutase (PGlycM), phosphoenolpyruvate carboxylase (PEPCase), enolase in glycolysis; malate dehydrogenase (MDH), isocitrate lyase (ICL), malate synthase (MS) in citric-glyoxylic acid cycles were prepared from mature peanut seeds using restriction fragment double differential display PCR amplification method of Display Systems Biotech, CA, USA. Northern hybridization of peanut total RNA showed that the mRNAs encoding PGlycM, PEPCase, MDH, and MS shared extensive sequence homologies that promoted a network of cross-talks, resulting to co-differential silencing of the mRNAs thereby integrating glycolysis and citric-glyoxylic acid cycle in the NPPK-treated peanut, but discriminated glycolysis from citric-glyoxylic acid cycle in control and KN-treated peanuts. Because of the coordinate and differential silencing of the mRNAs encoding ICL and MS, wherever the abundances of these mRNAs were high (control, and NPPK-treated peanuts) the concentrations of the α-ketoglutarate group of amino acids (glu, gln, arg, pro, his) were very low but the concentrations of the oxaloacetate group of amino acids (asp, lys, met, thr, ile) were very high and maximized. So, the inactivation of the glyoxylate cycle enzymes (ICL and MS) led to increased biosynthesis of his, pro, arg, glu, and gln. When the abundances of the mRNAs encoding PEPCase and MDH were very high (NPPK-treated peanut), the pyruvate group of amino acids (leu, val, ala) was very high in concentration, but the PEP group (tyr, phe, try) was very low. Conversely, when the abundance of the mRNA encoding PEPCase was very high (NPKS-treated peanut) but the mRNA encoding MDH was very low, the concentration of the pyruvate group was low and the concentration of the PEP group of amino acids was high and maximized. The non-exergonic reaction steps in glycolysis and citric-glyoxylic acid cycle constitute the biochemical mechanisms that improve the nutritious EAA quality of plant proteins. Mineral ions mixed in stoichiometric ratios induced the cross-talk responses between the glycolytic, citric/glyoxylic acid cycles via the activity of GDH.
